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HYBRID DISTRIBUTION TRANSFORMER and to reduce variations in the output voltage in the event of 
HAVING A POWER ELECTRONIC MODULE a change in the input voltage . In another aspect , the con 

FOR CONTROLLING INPUT POWER troller is operable to control the first switching bridge to 
FACTOR AND OUTPUT VOLTAGE control the DC voltage across the DC bridge . 

Also provided in accordance with the present invention is 
CROSS - REFERENCE TO RELATED another hybrid transformer having a primary side for receiv 

APPLICATION ing an input voltage and current from a source and a 
secondary side for providing output voltage and current to a 

This application claims the benefit of U . S . provisional load . The hybrid transformer includes a ferromagnetic core 
patent application No . 61 / 150 , 591 filed on Feb . 6 , 2009 and 10 and first and second windings wound around the core . The 
U . S . provisional patent application No . 61 / 163 , 311 filed on first winding has opposing ends , a plurality of turns disposed 
Mar . 25 , 2009 , both of which are hereby incorporated by between the ends and a tap connected to one of the turns . 
reference in their entirety . The tap helps define winding portions of the first winding . 

One of the first and second windings is a primary winding 
BACKGROUND OF THE INVENTION 15 for connection to the source , and the other one of the first 

and second windings is a secondary winding for connection 
This invention relates to transformers and more particu to the load . A power electronic module is connected to the 

larly to a hybrid distribution transformer utilizing power tap of the first winding . A control device is operable to 
electronics . control the power electronic module to regulate variations in 
Modern society ' s movement into the digital age is neces - 20 the output voltage and control the power factor on the 

sitating the development of a more reliable supply of high - primary side of the hybrid transformer . 
quality electricity . An indispensible component in the supply 
of electricity to end - users is a distribution transformer . A BRIEF DESCRIPTION OF THE DRAWINGS 
conventional distribution transformer converts electricity at 
one voltage to electricity at another voltage , either of higher 25 The features , aspects , and advantages of the present 
or lower value . A transformer achieves this voltage conver - invention will become better understood with regard to the 
sion using a primary winding and a secondary winding , each following description , appended claims , and accompanying 
of which is wound on a ferromagnetic core and comprises a drawings where : 
number of turns of an electrical conductor . A conventional FIG . 1 shows a schematic circuit of a first hybrid trans 
distribution transformer employed in present day power 30 former constructed in accordance with a first embodiment of 
distribution systems cannot protect digital loads against poor the present invention ; 
power quality , such as sags / swells / distortion . It is estimated FIG . 2 shows a schematic circuit of a second hybrid 
that voltage disturbances cost millions of dollars every year transformer constructed in accordance with a second 
to industries around the world . embodiment of the present invention ; 

Sometimes systems are connected to a power distribution 35 FIG . 3 shows a schematic circuit of a first AC - AC 
line to improve power quality . Examples of such systems converter used in the first hybrid transformer ; 
include dynamic voltage restorers ( DVRs ) and static VAR FIG . 4 shows a schematic circuit of a second AC - AC 
compensators ( SVCs ) . DVRs sustain or restore an opera converter used in the second hybrid transformer ; 
tional electric load during sags or spikes in voltage supply , FIG . 5 shows a schematic of a sinusoidal waveform 
while SVCs provide fast - acting reactive power compensa - 40 formed by pulse width modulation ; 
tion on power networks . DVRs and SVCs are often “ add on ” FIG . 6 shows a functional block diagram of a phase lock 
systems that are connected to , and used with , conventional loop ; 
distribution transformers . FIG . 7 shows functional block diagrams for the current a 
More recently , it has been proposed to combine power ( and a imaginary ) - dq transformation ; 

electronics with a conventional distribution transformer to 45 FIG . 8 shows functional block diagrams for the d - q vector 
improve power quality . The present invention is directed to control ; 
such a transformer . FIG . 9 shows functional block diagrams for the D - Q to a 

( a imaginary ) transformation ; 
SUMMARY OF THE INVENTION FIG . 10 shows functional block diagrams for the genera 

50 tion of gating signals for the first AC - AC converter ; 
In accordance with the present invention , a hybrid trans - FIG . 11 shows functional block diagrams for gating 

former is provided . The hybrid transformer has a primary signals for the second AC - AC converter ; 
side for receiving an input voltage and current from a source FIG . 12 shows functional block diagrams for output 
and a secondary side for providing an output voltage and voltage a - dq transformation ; 
current to a load . The hybrid transformer includes an AC - AC 55 FIG . 13 shows functional block diagrams for d - q voltage 
converter , a ferromagnetic core and first , second and third control ; 
windings wound around the core . At least one of the first , FIG . 14 shows a functional block diagram for d - q refer 
second and third windings is a primary winding for connec ence voltage to abc axis ; 
tion to the source , and at least one of the first , second and FIG . 15 shows SPWM modulation for the first AC - AC 
third windings is a secondary winding for connection to the 60 FIG . 16 shows SPWM modulation for the second AC - AC 
load . The AC - AC converter includes a first switching bridge converter ; 
connected to the first winding , a second switching bridge FIG . 17 shows a schematic circuit of a third hybrid 
connected in series with the second winding and a DC bridge transformer constructed in accordance with a third embodi 
connected between the first and second switching bridges , ment of the present invention ; 
and a controller . In one aspect , the controller is operable to 65 FIG . 18 shows a schematic circuit of a fourth hybrid 
control the first and second switching bridges to control the transformer constructed in accordance with a fourth embodi 
power factor on the primary side of the hybrid transformer ment of the present invention ; 
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FIG . 19 shows a schematic circuit of a power electronic phase transformer that has a power rating of about 67 kVA 
module used in the third and fourth hybrid transformers and a voltage rating of about 7 . 97 kV to 277 V . 
shown in FIG . 17 and FIG . 18 ; The AC - AC converter 14 , 114 can be connected into the 

FIG . 20 shows a schematic circuit of a hybrid transformer primary winding structure or the secondary winding struc 
with an IED and a communication link ; 5 ture . If the AC - AC converter 14 , 114 is connected into the 

FIG . 21 shows a schematic circuit of the first AC - AC primary winding structure , the primary winding structure 
converter with a battery bank ; comprises at least two primary windings and if the AC - AC 

FIG . 22 shows a schematic circuit of a three - phase hybrid converter 14 , 114 is connected into the secondary winding 
transformer constructed in accordance with the present structure , the secondary winding structure comprises at least 
invention ; 10 two secondary windings . The winding on a side ( primary or 

FIG . 23 shows a plot of the transient voltage regulation secondary ) whose ends are connected to the AC - AC con 
capability of a simulated hybrid transformer of the present verter 14 , 114 shall be referred to as a proximate winding 
invention ; and the other winding ( s ) on the side shall be referred as 

FIG . 24 shows a plot of the long time ( sag ) voltage distal winding ( s ) . 
regulation capability of a simulated hybrid transformer of 15 As shown in FIG . 1 , the hybrid transformer 10 includes 
the present invention ; the electromagnetic transformer 12 , which has a primary 

FIG . 25 shows an application of a hybrid transformer of winding structure 18 with a single primary winding 20 and 
the present invention for power factor correction ; a secondary winding structure 22 with two secondary wind 

FIG . 26 shows an application of a hybrid transformer of ings 24 , 26 . The AC - AC converter 14 is connected to ends 
the present invention for phase shifting and power - flow 20 of the secondary winding 26 and is connected in series with 
control on parallel lines ; and the secondary winding 24 . The voltage Vout across the 

FIG . 27 shows an application of a hybrid transformer of secondary winding structure is equal to the voltage Voutl 
the present invention for a datacenter where AC and DC across the secondary winding 24 plus the voltage Vout2 
loads are powered by the hybrid transformer . across the AC - AC converter 14 . Under normal operating 

25 conditions , the secondary winding 24 produces 100 % of the 
DETAILED DESCRIPTION OF ILLUSTRATIVE output voltage to the load . When required , the secondary 

EMBODIMENTS winding 26 can produce up to 20 % of the output voltage to 
the load . The hybrid transformer 10 may be constructed such 

It should be noted that in the detailed description that that the primary winding 20 can support a voltage of 8 . 66 
follows , identical components have the same reference 30 kV , the secondary winding 24 can produce a voltage of 277 
numerals , regardless of whether they are shown in different V and the secondary winding 26 can produce a voltage of 
embodiments of the present invention . It should also be 55 . 4 V , which corresponds to 20 % of the voltage of winding 
noted that in order to clearly and concisely disclose the 24 . 
present invention , the drawings may not necessarily be to As shown in FIG . 2 , the hybrid transformer 100 includes 
scale and certain features of the invention may be shown in 35 the electromagnetic transformer 102 , which has a primary 
somewhat schematic form . winding structure 104 with two primary windings 106 , 108 

The present invention is directed to a hybrid transformer and a secondary winding structure 112 with a single sec 
that may be used in the distribution of power . The hybrid ondary winding 116 . The AC - AC converter 114 is connected 
transformer generally includes an electromagnetic trans to ends of the primary winding 108 and is connected in 
former and a power electronic AC - AC converter . The elec - 40 series with the primary winding 106 . The voltage Vin across 
tromagnetic transformer includes a ferromagnetic core , a the primary winding structure is equal to the voltage Vini 
primary winding structure and a secondary winding struc - across the primary winding 106 plus the voltage Vin across 
ture , each of which are wound on the ferromagnetic core . the AC - AC converter 114 . The primary winding structure 
The primary winding structure comprises one or more 104 is constructed such that , under normal conditions , the 
primary windings and the secondary winding structure com - 45 primary winding 106 supports 100 % of the input voltage . 
prises one or more secondary windings . The electromagnetic When required , the primary winding 108 can support about 
transformer may be a liquid - filled transformer , wherein the 20 % of the input voltage . The hybrid transformer 100 may 
core and the primary and secondary winding structures are be constructed such that the primary winding 106 can 
immersed in a dielectric fluid , or the electromagnetic trans - support a voltage of 7 . 97 kV , the primary winding 108 can 
former may be a dry type transformer , wherein the core and 50 support a voltage of 1 . 59 kV , the secondary winding 116 can 
the primary and secondary winding structures are not provide a voltage of 277 V and there is a leakage reactance 
immersed in a dielectric fluid , but , instead , are encased in a of 0 . 1 pu . Since the input voltage equals the voltage output 
dielectric resin or surrounded by an inert gas , or simply from the AC - AC converter 114 plus the voltage of the 
ambient air . The hybrid transformer may be a single phase primary winding 106 , control of the voltage output from the 
transformer , a three phase transformer , or a multiphase ( > 3 55 AC - AC converter 114 controls the input voltage and , thus , 
phases ) transformer . The hybrid transformer may be pole - the output voltage . 
mounted or pad - mounted . The AC - AC converter 14 may be an AC - DC - AC con 

Two embodiments of a hybrid transformer constructed in verter having the structure shown in FIG . 3 . In this embodi 
accordance with the present invention are shown in FIGS . 1 ment , the AC - AC converter 14 includes a first switching 
and 2 and are designated by the reference numerals 10 , 100 , 60 bridge 30 connected by a DC link or bridge 32 to a second 
respectively . The hybrid transformer 10 , 100 includes an switching bridge 34 . The first switching bridge 30 is con 
electromagnetic transformer 12 , 102 integrated with an nected to the ends of the secondary winding 26 . A filter 31 
AC - AC converter 14 , 114 . The electromagnetic transformer may be connected between the first switching bridge 30 and 
12 , 102 includes a ferromagnetic core 16 and at least three the secondary winding 26 . Another filter 31 may also be 
windings . For example : one primary winding and two sec - 65 connected to an output of the second switching bridge 34 . 
ondary windings , or two primary windings and one second - Each of the first and second switching bridges 30 , 34 is 
ary winding . The hybrid transformer 10 , 100 may be a single connected to and controlled by a controller 36 . In addition , 
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each of the first and second switching bridges 30 , 34 converters may be used having four , five , etc . levels . For 
comprises a plurality of switching devices 38 . As shown in those applications that do not require DC outputs , an AC - AC 
FIG . 3 , each of the first and second switching bridges 30 , 34 converter without a DC bridge can be used . 
may comprise a pair of arms connected in parallel , with each The controllers 36 and 136 each include a processor for 
arm having a pair switching devices 38 connected in series . 5 executing a program stored in associated memory . The 
Each switching device 38 may be an insulated gate bipolar controllers 36 and 136 control the AC - AC converters 14 , 
transistor ( IGBT ) and an anti - parallel diode . The DC bridge 114 , respectively , using pulse width modulation ( PWM ) , 
32 may comprise a plurality of capacitors connected in wherein the switching devices 38 , 138 are opened and closed series . The capacitors may have the same or different to create a series of voltage pulses , wherein the average capacitances . As shown in FIG . 3 , the DC bridge 32 may 10 voltage is the peak voltage times the duty cycle , i . e . , the “ on ” have four capacitors 40 , 42 , 44 , 46 . A plurality of DC taps and “ off ” times of pulses . In this manner , a sine wave can be are connected to the DC bridge 32 and provide different 
maintained DC voltage levels . More specifically , three DC approximated using a series of variable - width positive and 
taps 48 , 50 , 52 may be connected between pairs of the negative voltage pulses as shown in FIG . 5 . The phase and 
capacitors 40 , 42 , 44 , 46 , respectively , and may have main - 15 the the amplitude of the sine wave can be changed by changing 
tained voltages of 12 Volts , 24 Volts and 100 Volts . Com the PWM pattern . 
binations of these taps 48 . 50 . 52 can be used to obtain 36 . In each of the AC - AC converters 14 , 114 , the controller 
112 , 123 and 136 Volts DC . Other voltage levels can be 36 , 136 controls the first switching bridge 30 , 130 to balance 
implemented as well . the real power transferring from the AC - AC converter 14 , 

The AC - AC converter 114 may be an AC - DC - AC con - 20 114 and to control the primary side power factor by provid 
verter having the structure shown in FIG . 4 . In this embodi - ing reactive power to the load through the transformer 
ment , the AC - AC converter 114 is a neutral point converter coupling . The controller 36 , 136 controls the first switching 
( NPC ) having three levels . The AC - AC converter 114 bridge 30 , 130 based on the d - q transformation , which is a 
includes a first switching bridge 130 connected by a DC link transformation of coordinates from the three - phase station 
or bridge 132 to a second switching bridge 134 . The first 25 ary coordinate system to a dq rotating coordinate system . 
switching bridge 130 is connected to the voltage source . A . This transformation is typically made in two steps : 1 ) a 
filter 31 may be connected between the first switching bridge transformation from the three - phase stationary coordinate 
130 and the voltage source . Another filter 31 may be system to the two - phase , so - called ab , stationary coordinate 
connected between the second switching bridge 134 and the system and 2 ) a transformation from the ab stationary 
primary winding 108 . Each of the first and second switching 30 coordinate system to the dq rotating coordinate system . A 
bridges 130 , 134 is connected to and controlled by a phase lock loop , such as shown in FIG . 6 , may be used to 
controller 136 . In addition , each of the first and second extract the phase angle of the primary side voltage . The d - q 
switching bridges 30 , 34 comprises a plurality of switching transform for a single phase converter is similar to that for 
devices 138 . As shown in FIG . 4 . each of the first and second a three - phase system . However , because there is only one 
switching bridges 130 , 134 may comprise a pair of arms 35 phase variable , the corresponding imaginary variable which 
connected in parallel , with each arm having four switching is 90 degree lagging the real signal has to be hypothesized . 
devices 138 connected in series . In each arm , a clamping Real signal XR = XM cos ( wt + 0 ) 
diode 140 is connected between a top pair of the switching Imaginary variable : Xi = Xm sin ( @ t + o ) 
devices 138 and a bottom pair of the switching devices 138 . Applying a rotating transformation matrix T to the sta 
Each switching device 138 may be an insulated gate bipolar 40 tionary real and imaginary variables : 
transistor ( IGBT ) and an anti - parallel diode . The DC bridge 
132 may comprise a plurality of capacitors connected in 
series . As shown in FIG . 4 , the DC bridge 132 may have two [ cos ( wt ) sin ( wt ) 1 
capacitors 142 , 144 . The clamping diodes 140 are connected T - sin ( wt ) cos ( wi ) ] 
( clamped ) to the DC bridge 132 , between the capacitors 142 , 45 
144 , i . e . , at the middle or neutral point , where the voltage is The variables in D - Q rotating coordinates become : half of the voltage across the entire DC bridge 132 . A tap 150 
may be connected to the neutral point as well . 

As shown in FIG . 3 , each filter 31 comprises inductors 
[ X ] LXR ] [ cos ( 0 ) ] 147 connected into lines 151 , 153 , respectively . A capacitor 50 

149 is connected in parallel between the lines 151 , 153 . The sin ( 0 ) ] 
filters 31 help prevent high frequency harmonics from being 
introduced into the output voltage of the transformer 10 , 100 The inverse transformation matrix from the dq rotating 
and the currents in the primary and secondary windings as coordinates to the stationary real and imaginary variables is : 
a result of the switching of the switching devices 38 , 138 . 55 
Although the filters 31 are shown as being an LC filter , it 
should be appreciated that other types of filters may be used . 
For example , an L or an LCL filter may be used . 1 - 1 = 7T - cos ( wt ) - sin ( WI ) ] 

| sin ( WI ) cos ( WI ) ] Although the AC - AC converters 14 , 114 are shown hav 
ing different constructions or topologies , it should be appre - 60 
ciated that they may both have the same topology , which Functional block diagrams for the current a ( and a imagi 
may be the topology described above for the AC - AC con - nary ) - dq transformation is shown in FIG . 7 . In FIGS . 7 and 
verter 14 , or the topology described above for the AC - AC 8 , the term “ rectifier ” refers to the DC bridge 32 , 132 . The 
converter 114 . It should further be appreciated that other controller 36 , 136 controls the voltage across the DC bridge 
AC - AC converter topologies may be utilized for both of the 65 32 , 132 to follow a reference DC voltage to balance the real 
AC - AC converters 14 , 114 , provided the other topologies power . The reference DC voltage is selected so that the 
have a DC link or bridge . For example , NPC AC - AC AC - AC converter can compensate for up to a predetermined 

T = 

= XM 
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amount of voltage swell and sag , such as a voltage swell of the source voltage and the primary winding 106 . Functional 
up to 15 % of the normal input voltage and a voltage sag of block diagrams for the d - q voltage control are shown in FIG . 
up to 35 % of the normal input voltage . In the first example 13 . The d - q voltage references are transformed to a ( and a 
embodiment of the hybrid transformer 10 , the reference DC imaginary ) axis , which is then used for the modulation 
voltage is 0 . 5 kV , whereas in the first example embodiment 5 signal for the SPWM control . A functional block diagram for 
of the hybrid transformer 100 , the reference DC voltage is the d - q reference voltage to abc axis is shown in FIG . 14 . 
4 . 5 kV . In addition , the controller 36 , 136 controls the q - axis The SPWM modulation for the AC - AC converter 14 is 
component of the primary side current to be zero , which shown in FIG . 15 and the SPWM modulation for the AC - AC 
means unity power factor of the input to the hybrid trans - converter 114 is shown in FIG . 16 . 
former 10 , 100 . Functional block diagrams for the d - q vector 10 In the hybrid transformers 10 , 100 , the AC - AC converters 
control is shown in FIG . 8 . First in the d - axis loop , the DC 14 , 114 are protected from short circuit faults . 
link ( DC bridge 32 , 132 ) voltage is compared with the In the hybrid transformer 10 , the controller 36 monitors 
reference DC voltage and the difference is fed to a propor - the input voltage and the output current of the hybrid 
tional integral ( PI ) regulator , which generates Id _ ref . The Id transformer 10 . If the output current exceeds a predeter 
of the rectifier ( DC bridge 32 , 132 ) is then compared with 15 mined limit , thereby indicating a short circuit fault in the 
Id _ ref and the difference is fed to another PI regulator to output , or the input voltage drops below a certain level , 
generate the Vd _ ref . In the q - axis loop , the Iq of the source thereby indicating a short circuit fault in the input , the 
current is compared to 0 and the difference is fed to a PI controller 36 stops the pulse width modulation of all of the 
regulator , which generates the Iq _ ref for the rectifier in the switching devices 38 , i . e . , turns off ( opens ) the switching 
secondary side . Then , Iq _ rectifier is compared with Iq _ ref 20 devices 38 , thereby disconnecting the load from the source . 
and the difference is fed to another PI regulator to generate In this manner , the AC - AC converter 14 acts as a circuit 
the Vq _ ref . The d - q voltages , Vdref and Vgref , are trans - breaker . 
formed to A and a - imaginary axis to generate the modulation In the hybrid transformer 100 , it is possible that the 
signal for sinusoidal PWM ( SWPM ) . Then gating signals are AC - AC converter 114 may be subject to the entire voltage 
sent to the switching devices of the first switching bridge 30 , 25 in the event of a short circuit fault . In order to protect the 
130 . Functional block diagrams for the D - Q to a ( a imagi - AC - AC converter 114 from this increased voltage , the 
nary ) transformation are shown in FIG . 9 . Functional block controller 136 monitors the voltage of the AC - AC converter 
diagrams for the generation of the gating signals for the 114 . If the voltage increases above a predetermined level , 
AC - AC converter 14 are shown in FIG . 10 and functional thereby indicating a fault , the controller 136 turns on 
block diagrams for the gating signals for the AC - AC con - 30 ( closes ) the top four switching devices 38 designated Sla , 
verter 114 are shown in FIG . 11 . Slb , S2a , S2b ( or the bottom four switching devices des 

In each of the AC - AC converters 14 , 114 , the controller ignated S3a , S3 , S4 , S4b ) in the first switching bridge 130 , 
36 , 136 controls the second switching bridge 34 , 134 to thereby causing the AC - AC converter 114 to be bypassed . In 
maintain the output voltage at a set value or reference output order to provide additional protection , a circuit breaker 170 
voltage ( such as 480V / sqrt ( 3 ) RMS ) and to be a clean 35 may be connected between the source and the AC - AC 
sinusoidal waveform . Thus , in the event of a voltage sag , the converter 114 . The circuit breaker 170 may be a solid state 
controller 36 , 136 increases the voltage output of the AC - AC circuit breaker or an electro - mechanical circuit breaker . In 
converter 14 , 114 and in the event of a voltage swell , the lieu of the circuit breaker 170 , a bypass switch 172 may be 
controller decreases the voltage output of the AC - AC con - connected in parallel with the AC - AC converter 114 , 
verter 14 , 114 . In order to fully utilize the secondary winding 40 between the AC - AC converter 114 and the primary winding 
24 and avoid circulation current , the controller 36 controls 106 . 
the output voltage of the AC - AC converter 14 to be in phase As described above , the hybrid transformers 10 , 100 each 
with the voltage of the secondary winding 24 . Similarly , in have three windings . It should be appreciated that a hybrid 
order to fully utilize the input voltage and avoid circulation transformer embodied in accordance with the present inven 
current , the controller 136 controls the output voltage of the 45 tion may have less than three windings , i . e . , may have a 
AC - AC converter 114 to be in phase with the voltage of the single primary winding and single secondary winding . 
primary winding 106 . Hybrid transformers 54 , 74 described below are two such 

The controller 36 , 136 also controls the second switching examples . 
bridge 34 , 134 based on the d - q transformation . First , the Referring now to FIG . 17 , the hybrid transformer 54 
output voltage of the hybrid transformer 10 , 100 is trans - 50 includes an electromagnetic transformer 56 , which has a 
formed from abc ( a and a imaginary axis ) to d - q axis , using single primary winding 58 and a single secondary winding 
the phase angle from the phase lock loop for the primary side 57 with one or more taps . Each tap is connected to a turn of 
voltage . Functional block diagrams for the output voltage the secondary winding 57 , between ends of the secondary 
a - dq transformation are shown in FIG . 12 . The output d - q winding 57 . An inner tap 59 divides the secondary winding 
voltages are then compared with the reference output d - q 55 57 into two winding portions 60 and 62 . The winding 
voltages , respectively , and the differences are fed to PI portion 60 is formed by the inner tap 59 and a first extremity 
regulators , respectively , to generate the d - q voltage refer - of the secondary winding 57 or , alternately , another , outer 
ences for the AC - AC converter . The goal of the controller tap . Similarly , the winding portion 62 is formed by the inner 
36 , 136 is to regulate the transformer output voltage to be 1 . 0 tap 59 and a second extremity of the secondary winding 57 
pu . Therefore , the vector magnitude is compared with 1 . 0 60 or , alternately , another , outer tap . The primary and secondary 
pu , i . e . , Vd _ ref is set to be 1 . 0 pu , which means the output windings are wound around a ferromagnetic core 64 . Power 
voltage of the hybrid transformer 10 , 100 is regulated to be electronic module 65 is connected across the winding por 
480V / sqrt ( 3 ) RMS . Vq _ ref is set to 0 , so that for the AC - AC tion 62 of the secondary winding 57 . The voltage “ AC 
converter 14 , the output voltage of the AC - AC converter 14 output ” is equal to the voltage across the winding portion 60 
is in phase with the primary side voltage and the secondary 65 of the secondary winding plus the voltage across the power 
winding 24 , and so that for the AC - AC converter 114 , the electronic module 65 . Since the output voltage equals the 
output voltage of the AC - AC converter 114 is in phase with voltage output from the power electronic module 65 plus the 
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voltage of the winding portion 60 , control of the voltage impedance 88 and the electronic switch 90 in the same 
output from the power electronic module 65 controls the arrangement ( relative to the AC - AC converter 14 , 114 ) and 
output voltage of the hybrid transformer 54 . As will be operating in the same manner as described above for the 
described below , power electronic module 65 comprises a hybrid transformers 54 , 74 . 
DC bus that can be used to power DC loads when the load 5 In each of the hybrid transformers 10 , 100 , 54 , 74 , the 
is connected to DC output terminals 66 of the hybrid controller 36 , 136 may be an intelligent electronic device 
transformer 54 . An optional energy storage device , such as ( IED ) or may interface with an IED , wherein the IED 
a battery 67 , can be connected across the DC output termi controls and monitors operational aspects of the hybrid nals 66 using a switch 68 . transformer 10 , 100 , 54 , 74 in addition to controlling the Referring now to FIG . 18 , hybrid transformer 74 includes 10 AC - AC converter 14 , 114 . Such an IED 160 is shown in an electromagnetic transformer 76 , which has a single FIG . 20 mounted on or proximate to the hybrid transformer secondary winding 78 and a single primary winding 79 with 10 , 100 , 54 , 74 . The IED 160 includes a user interface , a one or more taps . Each tap is connected to a turn of the 
primary winding 79 , between ends of the primary winding processor , memory and a communication port . In addition to 
79 . An inner tap 81 divides the primary winding 79 into two 15 controlling the AC - AC converter 14 , 114 and the devices 
winding portions 80 and 82 . The winding portion 80 is appurtenant thereto , the IED 160 monitors the operation of 
formed by the inner tap 81 and a first extremity of the the hybrid transformer 10 , 100 , 54 , 74 and communicates 
primary winding 79 or , alternately , another , outer tap . Simi operating information to a remotely located control center 
larly , the winding portion 82 is formed by the inner tap 81 162 over a communication link 164 , which may be may be 
and a second extremity of the primary winding 79 or , 20 a physical hardwired link , a satellite link , a cellular link , a 
alternately , another , outer tap . The primary and secondary modem or telephone line link , an Internet link or any other 
windings are wound around a ferromagnetic core 75 . The wireless or wide area or shared local area network link . For 
power electronic module 65 is connected to the winding example , the currents , voltages and temperatures of the 
portion 82 of the primary winding 79 . The voltage Vin is primary and / or secondary windings may be measured by 
equal to the voltage across the winding portion 80 plus the 25 sensors 161 that are connected for communication with the 
voltage across the power electronic module 65 . Since the IED 160 . The IED 160 may periodically or continuously 
input voltage equals the voltage output from the power transmit values for these currents , voltages and temperatures 
electronic module 65 plus the voltage of the winding portion over the communication link 164 to the control center 162 
80 , control of the voltage output from power electronic and / or may transmit alarms to the control center 162 over the 
module 65 controls the input voltage and , thus , the output 30 communication link 164 if the values exceed certain prede 
voltage of the hybrid transformer 74 . termined limits . In addition to transmitting information 

Referring now to FIG . 19 , the power electronic module 65 about the primary and / or secondary windings , the IED 160 
comprises an AC - AC converter , two switches 84 and 86 and may transmit information about the operation of the AC - AC 
a fault current limiting assembly that includes an impedance converter 14 , 114 to the control center 162 over the commu 
or inductor 88 and an electronic switch 90 . As shown in FIG . 35 nication link 164 . Moreover , the IED 160 may receive and 
19 , the inductor 88 is connected in series with the electronic implement control commands from the control center 162 
switch 90 . Each of the switches 84 , 86 may be a mechanical for changing the operation of the AC - AC converter 14 , 114 . 
switch , an electronic switch or a hybrid mechanical / elec - In addition to communicating with the control center 16 , 
tronic switch . The switches 84 , 86 and the electronic switch the IED 160 may communicate with other IEDs . For 
90 are controlled by the controller of the AC - AC converter . 40 example , the IED 160 may communicate with other IEDs 
The AC - AC converter may be the AC - AC converter 14 , the 160 installed in other hybrid transformers 10 , 100 , 54 , 74 
AC - AC converter 114 , or an AC - AC converter having that are part of the same power distribution network . The 
another , different type of topology . In the hybrid transformer IEDs 160 may communicate directly with each other or 
54 , the power electronic module 65 may utilize the AC - AC through a data server ( not shown ) located in the control 
converter 14 , while in the hybrid transformer 74 , the power 45 center 162 . In the former case , the IEDs 160 may commu 
electronic module 65 may utilize the AC - AC converter 114 . nicate directly with each other via radio frequency trans 
If the power electronic module 65 utilizes the AC - AC ceivers , a wired or wireless local area network ( LAN ) or a 
converter 14 , the DC bus of the power electronic module 65 communication bus . In the latter case , communication 
comprises the DC bridge 32 . If the power electronic module between each IED 160 and the data server occurs over the 
65 utilizes the AC - AC converter 114 , the DC bus of the 50 communication link 164 . 
power electronic module 65 comprises the DC bridge 132 . The IED 160 may support the IEC61850 standard and , in 

During normal operation of the power electronic module so doing , define abstract object models for electrical sub 
65 , the switch 84 is closed and the switch 86 is open . If the stations and a method for accessing these models over a 
power electronic module 65 malfunctions , a bypass can be network . The models can be mapped to a number of proto 
created by opening the switch 84 and closing the switch 86 . 55 cols , including Manufacturing Message Specification 
During normal operation , the electronic switch 90 is open ( MMS ) , Generic Object Oriented Substation Events 
and load current flows through the DC - AC converter ( sec - ( GOOSE ) , Generic Substation Status Event ( GSSE ) , and 
ond switching bridge 34 or 134 ) of the AC - AC converter . Sampled Measured Values ( SMV ) . These protocols can run 
During a network phase - to - ground or phase - to - phase fault , over TCP / IP networks and / or LANs using high speed 
the DC - AC converter is blocked and the switch 90 is closed , 60 switched Ethernet . 
forcing the fault current to pass through the impedance 88 . Instead of using an IED to transmit operating information 
By introducing the impedance 88 during faults , the fault to a remotely located control center , transmitters may be 
current is limited to protect the transformer and upstream used to do so . The transmitters may be connected to the 
equipment . Impedance 88 can be of resistive or inductive sensors 161 and may transmit the values measured by the 
type . 65 sensors to a remote location , such as the control center 162 , 

It should be appreciated that the hybrid transformers 10 , via a communication link , which may be wireless , or hard 
100 may be provided with the switches 84 , 86 and the wired . 
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m 

The DC taps 48 , 50 , 52 , 150 may be connected to provide reactive power and , thus , the voltage source only provides 
DC power to the sensors 161 , transmitters and other com the real power to the load . The hybrid transformer 10 , 100 , 
munication devices that are used to monitor and transmit 54 , 74 may be used in datacenters , naval propulsion systems , 
data concerning the operation of the hybrid transformer 10 , automotive manufacturing facilities , pharmaceutical plants , 
100 , 54 , 74 . The DC taps 48 , 50 , 52 , 150 may also be 5 hospitals , polymer processing plants , paper mills and wind 
connected to provide DC power to the controller 36 , 136 farms . 
and / or IED 160 . Depending on the application of the hybrid An example of how a hybrid transformer embodied in 
transformer 10 , 100 , 54 , 74 , the DC taps may be connected accordance with the present invention can be used to more to provide DC power to equipment associated with the efficiently to replace a conventional power system is shown application . 10 in FIGS . 23 to 27 . In each of the AC - AC converters 14 , 114 a battery bank Referring now to FIG . 23 , there is shown a simulation 162 and associated switch may be connected in parallel with 
the DC bridge 32 , 132 , as shown in FIG . 21 for the AC - AC result for transient voltage regulation . The primary voltage 
converter 14 . When the IED 160 detects a voltage sag or has + 20 % fluctuations that are compensated by the hybrid 
interruption , the IED 160 may close the switch and connect 15 tran onnect 15 transformer to obtain a regulated secondary voltage . 
the battery bank 162 to the second switching bridge 34 so as Referring now to FIG . 24 , there is shown a simulation 
to provide DC power to the second switching bridge 34 to result for a 20 % long time voltage sag . The primary voltage 
compensate for the loss or sag . A trickle charger or float depression is compensated by the hybrid transformer to 
charger connected to the DC bridge 32 may keep the battery obtain a regulated secondary voltage . In this case the hybrid 
bank 162 fully charged when the battery bank is not being 20 transformer exhibits an on - load tap changer functionality . 
utilized . In lieu of having the battery bank 162 connected in In FIG . 25 ( a ) , a conventional power system 250 for power 
parallel with the DC bridge 32 , 132 , the battery bank 162 factor correction is shown . The power system 250 includes 
may be connected into the DC bridge 32 , 132 and may a conventional electromagnetic transformer 260 , and a swit 
replace the capacitors . Still another option is to connect a chable capacitor bank 270 . The capacitor bank 270 is 
battery bank 67 across the DC output terminals of the hybrid 25 switched by incremental steps to provide reactive power 
transformer 10 , 100 , 54 , 74 , such as is shown in FIGS . 17 , needed for load power factor correction . This method is 
18 . characterized by a slow response and a large footprint . The 

Three of the single - phase hybrid transformers 10 , 100 , 54 , hybrid transformer 10 , 100 , 54 , 74 shown in FIG . 25 ( b ) 74 can be connected to form a three - phase transformer . The provides a continuous and fast change of reactive power 
connection can be Y - Y , Y - A , A - Y , or 1 - 4 . In this embodi - 30 output needed for power factor correction . It provides an ment , the controllers 36 , 136 for the hybrid transformers 10 , integrated solution that requires less capacitor rating and a 100 , 54 , 74 would be synchronized to provide balanced limited footprint . three - phase power . 

Referring now to FIG . 22 , a three - phase hybrid trans In FIG . 26 , a power system 300 connecting two networks 
former 200 may be provided having a three - phase electro - 35 35 310 and 320 using two parallel lines 330 and 340 . In 
magnetic transformer 202 and a three - phase AC - AC con - practice , the parallel lines do not have the same impedance 
verter . In the hybrid transformer 200 , the same principles of and the power flowing in one line is greater that that flowing and 
voltage regulation and power factor correction remain the in the other line . Under heavy load condition , one of the 
same as that described above for the single - phase hybrid lines 330 , 340 may be subjected to thermal overload , thereby 
transformer 10 , 100 , 54 , 74 . The AC - AC converter may be 40 causing line sags and mechanical stresses . When the hybrid 
comprised of three units 206a , b , c , one for each phase , transformer 10 , 100 , 54 , 74 is placed in series with the line 
wherein each unit 206 has substantially the same construc 330 , it allows control of power flow through line 330 by 
tion as the AC - AC converter 14 or the AC - AC converter 114 imposing a phase shift on the output voltage . The hybrid 
except the controller for the three - phase hybrid transformer transformer 10 , 100 , 54 , 74 can be placed in series with both 
is adapted to control three - phase currents and voltages 45 of the lines 330 and 340 and control the power flow on that 
instead of single - phase currents and voltages . corridor . 

It should be appreciated that multiphase hybrid transform - In FIG . 27 ( a ) , a conventional power system 400 for a data 
ers may be provided having more than three phases . For center is shown . The power system 400 includes a conven 
such multiphase hybrid transformers , the same principles of tional electromagnetic transformer 402 , a conventional unin 
voltage regulation and power factor correction remain the 50 terruptible power supply ( UPS ) 404 , a battery bank 406 and 
same as that described above for the single - phase hybrid a rectifier 408 . The UPS 404 and the transformer 402 are 
transformer 10 , 100 , 54 , 74 . connected to an AC voltage source and provide conditioned 

The hybrid transformer 10 , 100 , 54 , 74 of the present AC power to AC loads . The UPS 404 is connected to the 
invention provides a number of benefits . The AC - AC con battery bank 406 to provide AC power in the event of a 
verter 14 , 114 is operable to control the power factor on the 55 failure of the voltage source . The rectifier 408 converts the 
primary side of the hybrid transformer 10 , 100 . In contrast , conditioned AC power to DC power that is used to power 
the power factor on the primary side of a conventional DC loads , such as computers . 
transformer depends on the load . In addition , the AC - AC The conventional power system 400 can be replaced by an 
converter 14 , 114 is operable to reduce fluctuation in the embodiment of the hybrid transformer 10 , 100 , 54 , 74 having 
output voltage of the hybrid transformer 10 , 100 , 54 , 74 in 60 the battery bank 67 connected across the DC output termi 
the event of a sag or a swell in the input voltage . For n als of the hybrid transformer through the switch 68 . As 
example , in the event of an increase or decrease of 15 % in shown in FIG . 27 ( b ) , the DC loads are connected to the DC 
the input voltage , the AC - AC converter 14 , 114 can keep the output terminals of the hybrid transformer 10 , 100 , 54 , 74 . 
fluctuation in output voltage to less than 5 % . The input Under normal conditions , the battery bank 67 is maintained 
current of the hybrid transformer 10 , 100 , 54 , 74 is also 65 at full charge , but the switch 68 is open . DC power is 
smaller than that of a conventional transformer because the provided to the DC loads from the AC - AC converter 14 , 114 . 
hybrid transformer 10 , 100 , 54 , 74 generates all the needed Upon the occurrence of a power outage , the switch 68 closes 



13 
US 9 , 768 , 704 B2 

14 
and DC power is supplied from the battery bank 67 to the a first switching bridge connected to the first winding 
DC loads until AC power is restored or a local generator unit such that the first switching bridge receives AC 
is started . power from the first winding and converts the AC 

The hybrid transformer 10 , 100 , 54 , 74 with the battery power to DC power ; 
bank 67 provides the same benefits as the conventional 5 a second switching bridge including an output con 
power system 400 , but more efficiently and with less equip nected to the second winding and structured to 
ment . receive the converted DC power from the first As will be appreciated by one of skill in the art and as switching bridge , convert the DC power to AC before mentioned , the present invention may be embodied as power , and provide the converted AC power to the or take the form of the methods of controlling and moni - 10 load in parallel combination with unconverted AC toring hybrid transformers previously described , a comput power from the second winding effective to augment ing device or system having program code configured to the AC power provided to the load ; carry out the methods , a computer program product on a 

a DC bridge connected between the first and second computer - usable or computer - readable medium having switching bridges ; and computer - usable program code embodied in the medium . 15 
The computer - usable or computer - readable medium may be a controller that controls each of the first and second 
any medium that can contain , store , communicate , propa switching bridges to reduce variations in the output 
gate , or transport the program for use by or in connection voltage in the event of a change in the input voltage , 
with the instruction execution system , apparatus , or device the controller further controlling the first and second 
and may by way of example but without limitation , be an 20 switching bridges to continuously control a power 
electronic , magnetic , optical , electromagnetic , infrared , or factor on the primary side of the hybrid transformer , 
semiconductor system , apparatus , device , or propagation the controller configured to disconnect the load from 
medium or even be paper or other suitable medium upon the source by opening the first and second switching 
which the program is printed . More specific examples ( a bridges when the output current exceeds a predeter 
non - exhaustive list of the computer - readable medium 25 mined limit or when the input voltage drops below a 
would include : a portable computer diskette , a hard disk , a predetermined limit . 
random access memory ( RAM ) , a read - only memory 2 . The hybrid transformer of claim 1 , wherein the first and 
( ROM ) , an erasable programmable read - only memory second windings are secondary windings and the third 
( EPROM or Flash memory ) , an optical fiber , a portable winding is the primary winding . 
compact disc read - only memory ( CD - ROM ) , an optical 30 3 . The hybrid transformer of claim 1 , wherein the first and 
storage device , a transmission media such as those support second windings are primary windings and the third winding 
ing the Internet or an intranet , or a magnetic storage device . is the secondary winding . 
Computer program code or instructions for carrying out 4 . The hybrid transformer of claim 1 , wherein the DC 
operations of the present invention may be written in any bridge comprises a plurality of capacitors and one or more 
suitable programming language provided it allows to 35 taps for providing DC power to a DC load . 
achieve the previously described technical results . The pro - 5 . The hybrid transformer of claim 4 , further comprising 
gram code may execute entirely on the user ' s computing a normally open switch and a battery bank connected in 
device , partly on the user ' s computing device , as a stand - parallel with the DC bridge , wherein when an interruption 
alone software package , partly on the user ' s computer and occurs in the input voltage , the switch closes , thereby 
partly on a remote computer or entirely on the remote 40 providing DC power from the battery bank to the second 
computer or server . In the latter scenario , the remote com - switching bridge . 
puter may be connected to the user ' s computer through a 6 . The hybrid transformer of claim 4 , further comprising 
local area network ( LAN ) or a wide area network ( WAN ) , or sensors and a monitoring device for monitor the operation of 
the connection may be made to an external computer ( for the hybrid transformer , the monitoring device being con 
example , through the Internet using an Internet Service 45 nected to the one or more taps to receive DC power from the 
Provider ) . DC bridge . 

It is to be understood that the description of the foregoing 7 . The hybrid transformer of claim 6 , wherein the moni 
exemplary embodiment ( s ) is ( are ) intended to be only illus - toring device is an intelligent electronic device ( IED ) that 
trative , rather than exhaustive , of the present invention . receives operational data of the hybrid transformer from the 
Those of ordinary skill will be able to make certain addi - 50 sensors , the operational data including currents , voltages and 
tions , deletions , and / or modifications to the embodiment ( s ) temperatures in the first , second and third windings . 
of the disclosed subject matter without departing from the 8 . The hybrid transformer of claim 7 , wherein the IED 
spirit of the invention or its scope , as defined by the comprises the controller . 
appended claims . 9 . The hybrid transformer of claim 8 , wherein the IED is 
What is claimed is : 55 connected to a remotely located control center by a com 
1 . A hybrid transformer having a primary side for receiv - munication link , the IED transmitting the operational data to 

ing an input voltage and a current from a source and a the control center and receiving , commands for the control 
secondary side for providing an output voltage and a current ler from the control center . 
to a load , the hybrid transformer comprising : 10 . A hybrid transformer for receiving an input voltage 

a ferromagnetic core ; 60 and current from a source and providing an output including 
a first winding , a second winding and a third winding an output voltage and current to a load , the hybrid trans 
wound around the core , wherein at least one of the first , former comprising : 
second and third windings is a primary winding for a ferromagnetic core ; 
connection to the source , and at least one of the first , a first winding , a second winding and a third winding 
second and third windings is a secondary winding for 65 wound around the core , wherein at least one of the first , 
connection to the load ; and , second and third windings is a primary winding for 

an AC - AC converter comprising : connection to the source , and at least one of the first , 
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second and third windings is a secondary winding for 14 . the hybrid distribution transformer of claim 12 
connection to the load ; and , wherein the first winding is the secondary winding and the 

an AC - AC converter comprising : second winding is the primary winding . 
a first switching bridge connected to the first winding ; 15 . The hybrid distribution transformer of claim 12 , 
a second switching bridge connected in series with the 5 further comprising first and second switches , the first switch 
second winding ; being connected in series with an input to the first converter 

a DC bridge connected between the first and second and the second switch being connected in parallel with an switching bridges ; and output of the second converter . a controller that controls each of the first and second 16 . The hybrid distribution transformer of claim 15 , switching bridges to control the DC voltage across the 10 wherein each of the first and second switches is a mechanical DC bridge to reduce variations in the output voltage in switch , an electronic switch or a hybrid electronic / mechani the event of a change in the input voltage , wherein the cal switch . controller is structured to operate the second switching 
bridge so as to receive DC power from the first switch 17 . The hybrid distribution transformer of claim 15 , 
ing bridge , convert the DC power to AC power , and 15 W 15 wherein the first and second switches are controlled by the 
provide the AC power to the load , control device such that when the AC - AC converter is 

wherein the output power includes an AC power trans determined to be operating normally , the first switch is 
mitted with the second winding unconverted by the first maintained in a closed position and the second switch is 
or second switching bridge in addition to the AC power maintained in an open position , and when the AC - AC 
provided with the second switching bridge . 20 converter is determined to not be operating normally , the 

11 . The hybrid transformer of claim 10 , further compris - first switch is opened and the second switch is closed , 
ing sensors and an intelligent electronic device ( IED ) that is thereby causing the AC - AC converter to be bypassed . 
connected to a remotely located control center by a com - 18 . The hybrid distribution transformer of claim 15 , 
munication link , the IED comprising the controller and further comprising a fault current limiting assembly com 
being operational to receive operational data from the sen - 25 prising a normally open electronic switch connected in 
sors , transmit the operational data to the control center and series with an inductor , the fault current limiting assembly 
receive commands for the controller from the control center . being connected in parallel with the second switch and the 12 . A hybrid distribution transformer having a primary second converter , the electronic switch being controlled by side for receiving an input voltage and a current from a the control device such that when a fault is detected , the source and a secondary side for providing an output power 30 con 30 control device closes the electronic switch . including an output voltage and a current to a load , the 19 . The hybrid distribution transformer of claim 12 , hybrid distribution transformer comprising : 

a ferromagnetic core ; wherein the AC - AC converter further comprises a DC bus 
having at least one capacitor and one or more DC taps . a first winding and a second winding wound around the 

core , the first winding having opposing ends , a plurality 35 20 . The hybrid distribution transformer of claim 19 , 
of turns disposed between the ends and a tap connected wherein the one or more DC taps comprise a plurality of taps 

at different DC voltage levels . to one of the turns , the tap helping define winding 21 . The hybrid distribution transformer of claim 12 , portions of the first winding , and wherein one of the 
first and second windings is a primary winding for wherein the first converter is connected in parallel with the 
connection to the source , and the other one of the first 40 first one of the winding portions using the tap and an end of 

the first winding . and second windings is a secondary winding for con 22 . The hybrid distribution transformer of claim 12 , nection to the load ; 
a power electronic module connected to the tap of the first wherein the tap is a first tap and the first winding further 

winding and comprising an AC - AC converter including comprising a second tap connected to another one of the 

a first converter and a second converter , the first con - 45 14 15 turns of the first winding ; and 
verter being connected in parallel with the second wherein the first converter is connected in parallel with 

the first one of the winding portions using the first and converter and the second converter including an output second taps . being connected to the tap ; and 
a control device that controls the power electronic module 23 . The hybrid distribution transformer of claim 12 , 

to receive AC power with the first converter , to convert 50 wherein the hybrid transformer is a distribution transformer . 
the received AC power to DC power with the first 24 . The hybrid distribution transformer of claim 12 , 

further comprising sensors and an intelligent electronic converter , to receive the converted DC power with the 
second converter , to convert the DC power to AC device ( IED ) that is connected to a remotely located control 

center by a communication link , the IED comprising the power with the second converter , to provide the con 
verted AC power to the load , to regulate variations in 55 controller and being operable to receive operational data 
the output voltage , to increase voltage across the first from the sensors , transmit the operational data to the control 
winding , and to decrease voltage across the first wind center and receive commands for the controller from the 

control center ing , as well as to control a power factor on the primary control center . 
side of the hybrid distribution transformer , 25 . The hybrid transformer of claim 1 , wherein the 

wherein the output power includes unconverted AC power 60 AC - AC converter includes a filter including at least one 
transmitted with the first winding , and wherein only a passive component , an input connected with the output of 
portion of the AC power transmitted with the first the second switching bridge , and an output connected in 
winding is the AC power provided with the second series with the second winding . 

26 . The hybrid transformer of claim 1 , wherein the output converter . 
13 . The hybrid distribution transformer of claim 12 , 65 Of as of the second switching bridge is directly connected to the 

wherein the first winding is the primary winding and the st winding is the primary winding and the second winding . 
second winding is the secondary winding . * * * * * 


